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PreviewsThe DNA-damage response senses a 
variety of DNA lesions and orchestrates 
a broad cellular response, which includes 
facilitating DNA repair and regulating cell-
cycle progression. A major branch of the 
DNA-damage response is a phosphoki-
nase signal transduction pathway com-
prising three basic elements: a sensor 
kinase, an adaptor or mediator, and a ser-
ine/threonine effector kinase (Harper and 
Elledge, 2007; Melo and Toczyski, 2002). 
Two large protein kinases, the phosphati-
dylinositol 3-kinase (PI3K)-related kinases, 
ATM (ataxia telangiectasia mutated), and 
ATR (ATM- and Rad3-related), are acti-
vated at sites of DNA damage. DSBs are 
detected by the Mre11-Rad50-Nbs1 com-
plex, which recruits ATM and activates it 
by autophosphorylation. Although ATM 
activation is the primary response to DSBs, 
ATR is also activated, more slowly and via 
an ATM-dependent process. At blocked 
replication forks, single-stranded DNA 
in association with the single-stranded 
binding complex, RPA, independently 
recruits both ATR and the PCNA-related 
911 complex whose juxtaposition results 
in ATR activation. The archetypal adaptor 
proteins, Rad9 and Mrc1, were identified 
in the budding yeast Saccharomyces cer-
evisiae. Rad9 is the primary mediator of 
signaling initiated by DNA DSBs, whereas 
stalled replication forks result in signaling 
via Mrc1. Both proteins undergo damage-
induced phosphorylation by the PI3K-like 
kinases whereupon they bind to the ser-
ine/threonine kinases, Rad53 or Chk1, and 
facilitate their activation through phospho-
rylation (Melo and Toczyski, 2002).
In their new study, Carballo et al. (2008) 
provide evidence that the chromosomal 
protein Hop1 is an adaptor protein for the 
signaling response during meiotic recom-
bination in S. cerevisiae. Homologous 
recombination during meiosis is radically 
different from that in somatic cells (Hunter, 
2006). To start with, self-inflicted DSB for-
mation is an intrinsic part of the meiotic 
program. Moreover, repair of DSBs can be 
considered a secondary goal of meiotic 
recombination, whose primary function 
is to facilitate pairing and crossing-over 
between homologous chromosomes. To 
this end, meiotic recombination favors 
homologous chromosomes as repair tem-
plates; by contrast, in somatic cells, sister 
chromatids are the favored templates. In 
fact, recombination between sister chro-
matids is actively prevented by the meiotic 
DNA-damage signaling response (Car-
ballo et al., 2008; Niu et al., 2005).
These unique features of meiotic recom-
bination are achieved by modulating the 
core DNA recombination and damage-
response machinery. For example, yeast 
cells possess a meiosis-specific serine/
threonine effector kinase, Mek1, which 
activates the signaling response to DSBs 
formed during meiosis (Wan et al., 2004). 
Absence of signaling via Mek1 causes 
three distinct defects: (1) decreased for-
mation of DSBs; (2) failure to arrest the 
progression of meiotic prophase in dmc1∆ 
mutant yeast cells, which lack the meiosis-
specific strand-exchange protein Dmc1; 
and (3) inappropriate recombination 
between sister chromatids, that is, loss of 
interhomolog bias.
Activation of Mek1 requires the forma-
tion of DSBs and the presence of Mec1, 
the S. cerevisiae ortholog of ATR. Rad9 
is not required for Mek1 activation, how-
ever, implying the existence of a meiosis-
specific adaptor protein. Likely candidates 
include the meiosis-specific Red1 and 
Hop1 proteins, but conclusive evidence 
of mediator function has been lacking 
until now. Both Red1 and Hop1 are major 
components of the chromosome axes that 
assemble along homologs during meiotic 
prophase. Red1 is a coiled-coil protein but 
contains no clear functional motifs. Red1 
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During the DNA-damage response, adaptor proteins mediate signaling between the PI3K-like 
sensor kinases, ATM and ATR, and serine/threonine effector kinases. Carballo et al. (2008) now 
show that the chromosomal protein Hop1 mediates PI3K-like kinase signaling during the repair of 
DNA double-strand breaks (DSBs) in meiosis.
Figure 1. More than Just Signal Transducers
Domain structures of the phosphokinase adaptor proteins involved in the DNA-damage response, Mrc1/
Claspin, Rad9/Crb2/53BP1, and the meiosis-specific adaptor Hop1 (Carballo et al., 2008). In addition to 
[S/T]Q motifs that are phosphorylated by PI3K-like kinases and that interact with serine/threonine effector 
kinase sites, adaptors contain motifs involved in DNA/chromatin binding and other protein-protein inter-
actions. Mrc1/Claspin and Hop1 can directly bind to DNA, whereas Rad9/Crb2/53BP1 contains tudor 
domains that bind to chromatin via histone H3 methylated on lysine 79. In addition to directly binding to 
replication structures, Mrc1/Claspin interacts with other proteins present at the replication fork. Rad9/
Crb2/53BP1 may interact with the anaphase-promoting complex and also contains Brca1 C-terminal 
(BRCT) motifs. In S. cerevisiae Rad9, the BRCT motifs bind to phosphorylated histone H2A, which marks 
sites of DNA damage. Human 53BP1 appears to interact with the tumor suppressor protein p53 via its 
BRCT motifs. The HORMA domain of Hop1 is a poorly characterized motif that appears to mediate 
protein-protein interactions and perhaps protein oligomerization as well.Cell 132, March 7, 2008 ©2008 Elsevier Inc. 731
does, however, undergo meiosis-specific 
(but apparently DSB-independent) phos-
phorylation, interacts directly with Mek1, 
and is required for Mek1 activation (Niu et 
al., 2007). Hop1 contains a DNA-binding 
zinc finger domain, a putative protein-pro-
tein interaction and oligomerization motif 
called a HORMA domain, and a C domain, 
which is required for DSB-dependent 
phosphorylation of Hop1 (Niu et al., 2005). 
Notably, inducing ectopic dimerization of 
the Mek1 kinase by fusing it with glutathi-
one S-transferase (which self-dimerizes) 
suppresses the effects of mutations in the 
Hop1 C domain. This implies that Hop1 
phosphorylation normally facilitates Mek1 
dimerization enabling its self-activation 
through autophosphorylation (Niu et al., 
2005).
Carballo et al. (2008) now identify a new 
functional motif in Hop1, an [S/T]Q cluster 
domain (SCD) comprising three adjacent 
PI3K-like kinase target sites (Figure 1). 
They further show that this domain under-
goes physiologically relevant phospho-
rylation by the ATM and ATR orthologs, 
Tel1 and Mec1, in response to meiotic 
DSB formation. Site-specific mutation of 
HOP1 that diminishes phosphorylation of 
the SCD motif (hop1SCD) prevents chromo-
somal localization of Mek1 kinase and its 
activation, consistent with Hop1 acting as 
an archetypal adaptor of the DNA-dam-
age response.
Similar to a hop1∆ null mutation, the 
hop1SCD allele results in formation of dead 
spores and alleviates the normally robust 
prophase arrest of dmc1∆ mutants. How-
ever, hop1SCD mutant yeast have distinct 
and informative differences compared 
with hop1∆ null mutants. First, both Hop1 
and Red1 are localized normally along 
meiotic chromosomes, suggesting that 
homolog axes assemble correctly in 
hop1SCD mutant cells. Second, there is the 
usual number of DSBs in hop1SCD mutant 
cells, whereas hop1∆ cells form only 
5%–10% of the DSBs found in wild-type 
cells. Third, DSBs are rapidly and effi-
ciently repaired in hop1SCD mutants, but 
recombination occurs primarily between 
sister chromatids. This loss of interho-
molog bias explains why hop1SCD mutants 
produce only dead spores. Fourth, the 
hop1SCD allele alleviates the arrest phe-
notype of dmc1∆ mutants by permitting a 
second strand-exchange protein, Rad51, 
to catalyze recombination between sis-732 Cell 132, March 7, 2008 ©2008 Elsevierter chromatids. Thus, the hop1SCD allele 
unambiguously reveals that Hop1 has 
another function in addition to facilitat-
ing meiotic DSB formation, namely, pre-
venting Rad51-dependent recombination 
between sister chromatids. Furthermore, 
phosphorylation of Hop1 by Mec1/Tel1 is 
necessary and sufficient for Hop1 to per-
form this additional function. The hop1SCD 
allele essentially phenocopies inhibition 
of Mek1 kinase activity by small mol-
ecules (Wan et al., 2004), lending further 
support to the inference that Hop1 is the 
cognate adaptor for Mek1. Identification 
of the downstream targets of Mek1 and 
an understanding of how their phospho-
rylation inhibits intersister recombina-
tion are now eagerly anticipated. But still 
to be resolved is the function of Red1, 
which also interacts with Mek1 and is 
required for its activation. To a certain 
extent, the functions of Red1 and Hop1 
are inseparable, and the two proteins may 
be a composite adaptor. Red1 interacts 
directly with Hop1 and is required for the 
morphogenesis of Red1-Hop1 homolog 
axes. Perhaps the two proteins co-oli-
gomerize along chromosomes resulting 
in broad signaling platforms in the vicin-
ity of DNA DSBs. A key question for the 
future is whether aspects of this meiotic 
DNA-damage response pathway are con-
served in metazoans that contain Hop1-
related proteins but appear to lack Mek1 
and Red1 homologs.
In summary, Hop1 is a DNA-damage-
response adaptor with multiple interre-
lated functions, such as binding to DNA, 
facilitating DSB formation, oligomeriza-
tion along chromosome axes, and medi-
ating signaling as part of the meiotic 
DNA-damage response. The dynamics 
of Hop1 localization on chromosomes 
also suggest that Hop1 may monitor the 
progression of recombination and the 
intimate pairing of homologous chromo-
somes (synapsis). Indeed, Hop1 staining 
is lost from regions where homologs have 
paired and synapsis has occurred, and 
where recombination has progressed 
beyond the initial step of strand exchange 
(Smith and Roeder, 1997).
The activities of Hop1 highlight the 
striking structural and functional com-
plexity of adaptor proteins, and it is clear 
that the basic picture of adaptor proteins 
as passive scaffolds for the mediation 
and amplification of signaling between  Inc.PI3K-like kinases and serine/threonine 
effector kinases is grossly oversimplified. 
For example, yeast Mrc1 and its human 
homolog Claspin independently localize 
to replication forks through direct DNA 
contacts and protein-protein interactions 
(Lee et al., 2005; Zhao and Russell, 2004). 
Similarly, Rad9 and its homologs Crb2 
in the fission yeast Schizosaccharomy-
ces pombe and human 53BP1 associate 
with chromatin at sites of DNA damage 
through conserved tudor domains (Figure 
1; Adams and Carpenter, 2006; Hammet et 
al., 2007; Wood et al., 2007; Wysocki et al., 
2005). These activities are consistent with 
the idea that, in addition to primary signal 
mediation of the DNA-damage response, 
each adaptor may also play context-spe-
cific roles in secondary signaling, damage 
verification, or the monitoring of repair.
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